INTRODUCTION
Many mechanical stress situations in which NDE might be performed are biaxial in character. Examples are gas and oil pipelines, power plant steam pipes, railroad wheels, and turbine blades.
In steel pipes, under internal pressure, two principal stresses act axially and circumferentially.
[I] The circumferential or hoop stress can be computed from the pressure in the pipe. The axial or longitudinal stress must be measured.
Magnetic NDE techniques have been investigated for use in measuring biaxial stress. [2] [3] [4] [5] Mostly, attention has been given to the special case where a magnetic field Ii is parallel to one of the stress axes [4] [5] [6] , or where Ii is perpendicular to the stress plane. [7] This paper discusses experimental and modeling results for the case in which Ii is in a general direction in the stress plane.
EXPERIMENTAL SETUP
A commercial steel pipe was obtained with a nominal yield strength of235 MPa, a normal diameter ofO.22m, a nominal wall thickness ofO.48cm, and a length ofO.914m. End caps were welded to both ends, which had valve fittings to accommodate pressurized water. The pipe was put under hydrostatic load from its interior, resulting in tensile hoop stress and a tensile axial stress equal to one-half the hoop stress [1] . An additional axial stress was also applied to the ends of the pipe, using a stress fixture. The combination of hydrostatic pressure and applied axial stress was always kept below the yield stress of the pipe.
For the Barkhausen apparatus, two complementary measuring sets were used -one (the lab set) operating at a low magnetization frequency (1Hz) and the other (the portable set) operating at a higher frequency (30 Hz). The Barkhausen probe was a C-core design. The primary coil on the C-core magnetized the specimen, and a secondary coil was used to detect flux changes. The Barkhausen effect was detected by a sensor coil halfway between the pole pieces. This coil had a ferrite core which was pressed by a spring to contact the specimen. A ramped current signal in the primary -linearly increasing from -Imax to +I max , and then linearly decreasing back again -was used to generate the magnetic field, which was estimated as smaller than lkAlm. The portable set produced three outputs -(I) a voltage giving a measure of Barkhausen noise counts over a given number of periods; (2) a voltage giving a measure ofrms Barkhausen noise amplitude; (3) a voltage from the secondary coil giving a measure of dB/dt, and hence dB/dH since H was increasing linearly. A special fixture was used to hold the whole Barkhausen noise probe firmly against the specimen using spring action. The fixture also enabled the probe to be changed easily in orientation to angles of 0 0 , 15 0 , 30 0 , 45 0 , 60 0 , 75 0 , and 90 0 with respect to the axial direction of the pipe. The double spring action of the fixture and of the sensor coil enabled essential locations of the probe to be held firmly against the curved pipe. This reduced to a minimum any liftoff effect. Figure 3 shows the Barkhausen noise amplitude in a three-dimensional representation as a fimction of hoop and axial stress. In the case offield at 90 0 relative to the 01 -axis, a ridge appears in the B.N. surface at axial stress equal to zero.
EXPERIMENTAL RESULTS

Figures la and
THEORY
The magnetomechanical energy density is expressed as the sum of two uniaxial energy densities, with uniaxial magnetostrictive strains 1(01) and 1(02) acting along perpendicular axes, as follows:
where v is Poisson's ratio and where 6 is the angle that the magnetization makes with the 01 -axis. The uniaxial energy is that which was advanced by Sablik et al [8] for noncoaxial field and stress. Sablik et al [8] also give an expression for the uniaxial magnetostriction l( 0) which we shall not present here other than to say that 1(0) is expressed in terms of a magnetoelastic coupling strength ba(o), which for the 01 -part of eq. (1) would be given as bO(Ol) =b(l +v)(l -(lin 2 6/2»,
and for the 02 -part as
The effective field contribution He [8] due to stress is now given as 1 [aEo)
(3b) 
Here we have substituted magnetization derivatives due to uniaxial stress, assuming that only 01 (in eq(4a» or 02 (in eq. (4b» is acting. This is an approximation because the original derivative is with respect to Ma, the anhysteretic magnetization when both stresses are acting.
The total effective field (acting along the magnetization direction) is therefore
where P is the angle of H with respect to the aI-axis, and Ma again refers to when both stresses act. The constant (X is the domain coupling strength. [8, 9] The effective field is then used to obtain M;. as (6) where a is a scaling factor which is a constant of the medium. [9] We next write that the total magnetization M is [8] 
where c is a constant and where irreversible magnetization Mj is obtained from (8) where k is the pinning constant [9] and where a=±l, depending on whether field increases or decreases, and where The second derivatives here are also approximated as uniaxial derivatives.
The angle 6 is found by minimizing the thermodynamic work potential given as o = -Jl HM cos(p -6) -E . Thus, one solves dOl d6 = 0, obtaining a quartic equation in sin6 after some manipulation. This quartic equation is then solved numerically by Ferrari's Method. [10] .
Finally one solves for the flux density component in the direction of H, since that is what is usually measured, obtaining B = I'.(H + M COI(P -6». (11) Actually, the above is the basic model. A correction is now introduced to account for asymmetries with respect to positive and negative stress and to account for the Villari effect. These corrections are discussed for uniaxial stress in Ref. [11] . Details of this correction in the case of biaxial stress may be found in Ref. [12] .
Barkhausen noise power amplitudes are evaluated as in Ref. [13] .
NUMERICAL MODELING RESULTS
Two dimensional results similar to In Fig. 4 , it is noted that the computed curves for the different angles approximately intersect at 01 = 02' just as in experiment and, further, the order of the angular curves tends to reverse on the other side of the intersection. Also, when 02=0, Barkhausen noise increases with increasing 01 when the field is axial (6=0°) and decreases with increasing 01 when the field is azimuthal (6=90°), just as in experiment. Contrary to experiment, however, the spread of the modeling curves for different angles is not the same on either side of the intersection.
In Fig. 5 , three dimensional plots for both tensile and compressive hoop stress 02 are exhibited. The ridge which appeared in the experimental data at 01=0 for the 90° case is seen in the modeling plot. In addition, the modeling predicts that a second ridge would be seen at 02=0 in the 0° case. Although experimental data does not exist for the pipe measured here that would allow that to be displayed, evidence for the second ridge is seen in other data, obtained for low carbon steel, that will be presented elsewhere. [14] Also, the ridge is seen in Tiitto's Barkhausen data for H parallel to one of the biaxial stress axes. [4] 
